Abstract: Activation of afferent cutaneous or mixed nerves, such as the sural or the sciatic, results in changes in sympathetic activity and arterial blood pressure by excitatory somatosympathetic reflexes (SSR). The underlying causes and modulation of SSR functions in the dorsal medulla are poorly understood. This review focuses our recent findings incorporated with the publications from other investigators implicating that: 1) The gracile nucleus is an integration center for somatic and visceral information flowing into the thalamus, and sensory stimulation of the hindlimb somatic afferent modifies neuronal activities in the nucleus tractus solitarius (NTS); 2) nitric oxide (NO) in the NTS produces decreases in arterial blood pressure and heart rate, but the effects are independent to baroreflexes; 3) L-arginine-derived NO synthesis in the gracile nucleus inhibits the excitatory cardiovascular responses to stimulus-evoked SSR; and 4) Neuronal NO synthase (nNOS) expression is increased in the dorsal medulla, the gracile nucleus and the NTS by electrical stimulation of the sural nerve. These results suggest that stimulation of somato-sensory afferents induces nNOS expression in the dorsal medulla, and L-arginine-derived NO synthesis in the nuclei produces an inhibitory regulation of excitatory SSR, which plays a role in the feedback autonomic control of the circulation.
INTRODUCTION
The sympathetic nerve system is continuously modulated by inhibitory, i.e., baroreceptor-mediated, inputs and by excitatory somatosympathetic reflexes (SSR) [1, 2] . It has been reported that stimulation of somatic afferent cutaneous or mixed nerves, such as the sural or the sciatic, results in increased sympathetic activity and arterial blood pressure by excitatory SSR in rats [1, 3] . Stimulation of femoral or tibial afferent nerves from muscles in rats caused a depressor response [3, 4] . Similar sympathoinhibition and arterial blood depressor effects can be produced by activation of somatic afferents-induced by stimulation of afferent nerves from muscle in humans [5, 6] as well as by acupuncture-like stimulation, which activates similar types of fibres [7] [8] [9] [10] . Recent studies have demonstrated that a pressor response is induced by static exercise [11, 12] and muscle stretch [13, 14] in decerebrate rats. These results suggest that an autonomic pressor reflex is initiated by muscle contraction or stretch in the absence of the potential confounding influences of high central or anesthesia.
The spatial organization of the central terminals of primary sensory afferent is defined by examination of the action potentials for producing an A /A wave, an A wave, and a C wave in the dorsal root of rats [15] [16] [17] . Volleys in myelinated (A) and unmyelinated (C) afferent fibers evoke SSR discharges with short (A-reflex) and long (C-reflex) latencies [18, 19] . The primary somatosensory afferents have been studied in dorsal root ganglion neurons, dorsal column of the *Address correspondence to this author at the Department of Obstetrics and Gynecology, Harbor-UCLA Medical Center, David Geffen School of Medicine at University of California at Los Angeles, 1124 W. Carson Street, RB-1, Torrance, CA 90502, USA; Tel: (310) 222-1964; Fax: (310) 222-4131; Email: MA@HUMC.edu spinal cord, trigeminal subnucleus oralis, and the gracile nucleus [9, 10, [20] [21] [22] [23] [24] [25] . Early review article has summarized the reflex pathways of SSR as the spinal cord reflex center, the medullary reflex center, and the supramedullary reflex center [1] . The functional organization of the central sites involved in the SSR has been identified in the gracile nucleus, the rostral ventral medulla (RVM), the nucleus tractus solitarius (NTS), the dorsal part of the periaqueductal central gray (D-PAG), the hypothalamus, the thalamus, and the descending inhibitory system [1, 4, 9, 10, [25] [26] [27] [28] [29] . In this review, the evidence and understanding of the SSR processes of neuro-cardiovascular research have been summarized with an emphasis on recent development of nitric oxide (NO) mediating SSR signals through the dorsal medulla nuclei, the gracile nucleus and the NTS.
A ROLE FOR THE DORSAL COLUMN: TRADI-TIONAL CONCENPT VS. RECENT DEVELOPMENT
The dorsal funiculus tract (the dorsal column-medial lemniscus system) has been traditionally viewed as a pathway deriving from projections of ipsilateral (mainly low threshold) somatosensory spinal ganglion neurons. This pathway is believed to be responsible for the discriminative aspects of tactile sensations and for kinesthesia. Over the century, this concept was adopted and was established during the pathological changes in the neurological diseases with lesions of the dorsal column [30, 31] . It is well-accepted that the nociceptive projections (high threshold sensory neurons) to the medulla are mainly localized in the anterolateral part of the spinal cord (spinothalamic and spinoreticular tracts) contralateral to the respective spinal ganglion neurons. However, it has been shown that neurons in the gracile nucleus, which receive somatosensory afferent inputs originating in nociceptors, project to the thalamus [32] [33] [34] . A number of recent studies have demonstrated that the dorsal column is the major pathway for nociceptive input into the thalamus for transmitting nociceptive information [35] [36] [37] [38] . Experimental evidence suggests that the gracile nucleus is an integration center for cutaneous and visceral information flowing into the thalamus, which plays an important role in somatic and visceral pain processing [37, 38] . Electrophysiological studies have identified that the somatosensory afferent inputs ascend in the paraventricular thalamic nucleus (PVT), and adjacent thalamic nuclei [39, 40] . The PVT with the mediodorsal thalamic nucleus plays a role in the central autonomic control of cardiovascular and other integrative functions [41, 42] .
In the dorsal medulla, anterograde axonal tracing studies show that cutaneous primary afferents projecting from the hindlimb to the medulla oblongata are distributed mainly in the gracile nucleus [32, 33] . The afferent sensory fibers in the sciatic nerves originate from the skin or muscle and the synapse is directed on dorsal horn neurons, or on dorsal horn interneurons in the spinal cord, which ascend to the gracile nucleus [32] [33] [34] [35] [36] [37] [38] 43] . It is well documented that the NTS is the principle sensory nucleus for most cardiovascular and other visceral afferent fibers entering the central nervous system (CNS) and plays an important role in central cardiovascular contro [2, 44] . Recent studies have demonstrated that sensory stimulation of the hindlimb somatic afferent modifies neuronal activities in the NTS [29] . As illustrated in Fig. 1 , the somatotopic organization of the gracile nucleus receiving peripheral somatosensory afferents from the hindlimb has been demonstrated with electrophysiological mapping studies and anterograde axons tracing techniques in various mammals [32] [33] [34] 43, 45, 46] . In the gracile nucleus the first synapse is formed with secondary sensory neurons projecting to the thalamus. There are neurons and interneurons between the gracile nucleus and the NTS. Early studies have suggested that synaptic transmission through the dorsal column is depressed by -aminobutyric acid (GABA)-mediated depolarization of the gracile afferents evoked by stimulation of the dorsal column [47, 48] . Our recent findings implicate Fig. (1) . Neural circuits related to somatosympathetic reflexes in the gracile-thalamic-cortex pathways. Axonal tracing studies show that cutaneous primary afferents projecting from the hindlimb to the medulla are distributed mainly in the gracile nucleus, and synapses from the gracile nucleus, which receive somatosensory afferent inputs project to the thalamus. Electrical stimulation of the sciatic nerve causes NOmediated activation of somatosympathetic reflexes in this pathway resulting in sympathoinhibition and decreases in arterial blood pressure. (partially reproduced from Kandel and Schwartz, 1985) .
that NO in the dorsal medulla, the gracile nucleus and NTS, plays an inhibitory role in central cardiovascular control through SSR regulation (Fig. 1) .
CARDIOVASCULAR EFFECTS OF NITRIC OXIDE IN THE DORSAL MEDULLA
It has been demonstrated that NO plays an important role in the central inhibitory regulation of sympathetic tone and arterial pressure [49] [50] [51] . Systemic inhibition of NO synthesis causes increases in sympathetic nerve activity and arterial pressure in rats and rabbits [50, 51] . Several groups of the studies have demonstrated that NO is active in the NTS, and mediates tonic inhibition of renal sympathetic nerve activity and arterial pressure [51] [52] [53] [54] . However, the inhibitory effect of NO does not depend on baroreflex mechanisms [49, 52, 53] . L-arginine-derived NO can affect the spontaneous discharge of neurons in the brain and NO serves as an intracellular mediator or messenger for central autonomic control of the cardiovascular systems [54] [55] [56] . Recent studies indicate that NO, synthesized in the brainstem, plays an inhibitory role in the central regulation of somatocardiac sympathetic C-reflex [57] . NO has been known to attenuate the increase in arterial blood pressure evoked by activation of skeletal muscle afferents during static contractions [58] .
Although conclusions derived from these experiments consistently indicate that NO in the dorsal medulla nuclei, especially in the NTS, plays an important role in the central inhibition of sympathetic tone and thus decreases arterial blood pressure, relatively little is known about the mechanisms and reflex processes involved in these cardiovascular responses to NO in the areas.
L-ARGININE-DERIVED NITRIC OXIDE SYNTHESIS ON CARDIOVASCULAR RESPONSES TO STIMU-LUS-EVOKED SSR IN THE GRACILE NUCLEUS
Recent report from our laboratory has shown the effects of microinjection of L-arginine and neuronal NO synthase (nNOS) antisense oligodeoxynucleotides (oligos) into the gracile nucleus on the cardiovascular responses to SSR evoked by peripheral nerve stimulation [25] . Electrical stimulation of sural or tibial nerve (3, 10, 30 Hz) was performed in anesthetized Sprague-Dawley rats to evoke SSR. Arterial blood pressure and heart rate were monitored during stimulus-evoked SSR following microinjections of the agents into gracile nucleus. Cardiovascular responses to excitatory and inhibitory SSR evoked by electrical stimulation of the central end of the sural and tibial nerves were blocked by microinjection of lidocaine into the gracile nucleus. The hypertensive and tachycardiac responses to the sural nerve stimulation were significantly attenuated by bilateral microinjection of L-arginine into the gracile nucleus, but enhanced by the presence of nNOS antisense oligos in the area (Figs. 2 and 3) . Microinjection of L-arginine into gracile nucleus facilitated the hypotensive and bradycardic responses to stimulation of the tibial nerve while pretreatment with nNOS antisense oligos into gracile nucleus attenuated the tibial stimulation evoked inhibitory SSR. The maximum responses occurred at 30-60 min and reversed at 90 min after the injection. The stimulus-evoked responses were not altered by injection of nNOS sense oligos into the area. The results show that L-arginine-derived NO synthesis in the gracile nucleus attenuates the cardiovascular responses to stimulus-evoked excitatory SSR and facilitates the responses to inhibitory SSR (Figs. 2 and 3) . This finding suggest that NO in the gracile nucleus plays an inhibitory role in the central cardiovascular control through SSR regulation.
STIMULUS-EVOKED EXCITATORY SOMATOSYM-PATHETIC REFLEXES INDUCES NEURONAL NI-TRIC OXIDE SYNTHASE EXPRESSION IN THE DORSAL MEDULLA
We performed studies in which the influence of excitatory SSR on nNOS expression was examined in the brainstem nuclei in rats. Electrical stimulation of sural nerve was performed in Sprague-Dawley rats (5-6 months) anesthetized with ketamine. The central end of the sural nerve was placed on the bi-polar platinum electrode and the nerve was covered with a warmed mixture of mineral oil and silicon jelly. Stimulation was applied using a Grass S48 stimulator with a 6.0 voltage pulse and a duration of 1.0 msec at 10 Hz for 10 sec. Electrical stimulation was conducted for 10 sec, once every 2 min during 120-min. Sham-treated rats received the surgery without performing the stimulation. Sections of rat medulla obtained 2 hours after stimulation were immunolabelled using a polyclonal antibody directed against nNOS and stained by NADPH diaphorase (NADPHd) histochemistry, a marker of nNOS activity.
Medulla sections from six rats with sural nerve stimulation were stained and compared with six sham-treated rats. The nNOS immunoreactivity and NADPHd reactivity in the medulla sections were quantified using a microscope with reticule grid to measure the number of cell body containing color staining in the caudal region and rostral region of the gracile nucleus, medial NTS (mNTS), and RVM. The positive neurons in the each nucleus were expressed as the number of positive cells in a microscopic area (200 x 200 m) as described [59, 60, 62] . The averaged number of positive neurons in each area was obtained in 8-10 non overlapping medulla sections for each animal. In sural nerve stimulated rats, the numbers of NADPHd stained neuronal cell bodies per section area (200 x 200 m) of the gracile nucleus were significantly increased in the rostral region of the ipsilateral side (p < 0.05; Fig. 4, top) compared to sham-treated rats. The contralateral gracile nucleus expressed no significant changes in NADPHd reactivity in sural nerve stimulated vs. sham-treated rats. Unilateral sural nerve stimulation also tended to increase NADPHd positive neurons in the caudal region of the ipsilateral side, and in the rostral region of the contralateral gracile nucleus, although these increases fell short of statistical significance (Fig. 4, top) . The shamtreated animals failed to show detectable change in NADPHd reactivity between the left and the right side of the gracile nucleus. In rats with unilateral sural nerve stimulation compared to sham-treated animals, NADPHd-positive neurons were moderately increased in both the ipsilateral and contralateral sides of the mNTS. A greater number of NADPHd-positive neurons existed in the mNTS vs. the grac- ile nucleus, RVM, and other brainstem nuclei. The average number of NADPHd stained neurons was significantly increased in both ipsilateral and contralateral mNTS (p < 0.05; Fig. 5, top) compared to sham-treated rats. In rats with unilateral sural nerve stimulation, the number of NADPHdpositive cells on the ipsilateral side of the mNTS was moderately higher than those on the contralateral side. NADPHd reactivity was similar on the ipsilateral side and contralateral side of the mNTS in the sham-treated group. Sural nerve stimulation did not alter NADPHd reactivity in other brainstem nuclei. The RVM expressed no noticeable differences in NADPHd reactivity in rats treated with sural nerve stimulation when compared to sham-treated rats (Fig. 5) .
The level of nNOS immunoreactivity in the gracile nucleus were examined in rats with sural nerve stimulation and compared to a sham-treated group (n = 5/group). After stimulation of the sural nerve, color labeled nNOS-positive cells were increased in the gracile nucleus compared to sham-treated rats. In sham-treated rats, the average number of nNOS-positive cells per section area (200 x 200 m) of the gracile nucleus was similar on the left side compared to the right side. Unilateral sural nerve stimulation in rats caused bilateral increases in nNOS immunoreactive neurons in the gracile nucleus with a predominance in the rostral region and ipsilateral side. Two hours after the stimulation, the number of nNOS immunoreactive cells were significantly increased in the rostral region of the ipsilateral gracile nucleus compared to sham-treated rats (P < 0.05, Fig. 4 , bottom). Sural nerve stimulation-induced changes in the number of nNOS-positive cell bodies obtained using immunohistochemistry were similar to those results of NADPHd staining in the gracile nucleus (Fig. 4) . However, many more axons and fiber network were revealed by NADPHd histochemistry than those stained by nNOS immunoreactivity. Unilateral sural nerve stimulation resulted in increases in nNOS-positive neurons and axons in the mNTS. In unilateral sural nerve stimulated rats, the mNTS displayed a significant increase in nNOS-immunoreactivity on both the ipsilateral and contralateral sides when compared to sham-treated rats (p < 0.01; Fig. 5, bottom) . The average number of nNOSpositive cells per section area (200 x 200 m) on the ipsilateral side of the mNTS in sural nerve stimulated rats was 19.6 ± 1.6 while in sham-treated rats it was 12.4 ± 1.3, displaying a marked difference. The numbers of nNOS-positive cells on the contralateral sides of the mNTS were 16.7 + 1.2, which caused a marginally significant increase in nNOS expression compared with the numbers in the contralateral side (13.6 + 1.6) of mNTS in sham-treated rats (p = 0.134). There was no meaningful difference in nNOS-immunoreactivity in the RVM between sham-treated and sural nerve stimulated rats (Fig. 5,  bottom) . The results obtained using nNOS immunoreactivity were similar to the results from NADPHd staining, but more stained cells were seen with NADPHd staining than with nNOS immunohistochemistry.
DISCUSSION

Regulation of nNOS Expression in the Dorsal Medulla
The early investigators have suggested that some neurons in the gracile nucleus which are excited by splanchnic afferent may be involved in cardiovascular reflexes [63] . Recent studies show that peripheral nerve injury induces upregulation of substance P in dorsal root ganglion (DRG) and gracile nucleus neurons, which is known to trigger hyperexcitability in neurons in the DRG-dorsal horn-thalamic pathways [64, 65] . Neuropeptide Y has been shown to be upregulated in the ipsilateral gracile nucleus following unilateral transection injury of the sciatic nerve in rats [66] . The results of the present study show that NADPHd reactivity and nNOS immunoreactivity are increased in the gracile nucleus with an ipsilateral predominance induced by unilateral electrical stimulation of the sural nerve. These studies support the previous findings that the gracile nucleus receives somatosympathetic afferent inputs and demonstrate an increase in nNOS expression in the gracile nucleus induced by activation of afferent somatic cutaneous nerves. The data also agrees with the previous studies, which suggest that stimulus-induced transganglionic and/or transsynaptic expression of an endogenous substance is predominately in the ipsilateral side of the gracile nucleus [64, 65] . nNOS in the brain is exclusively associated with discrete neuronal populations, and many experiments in the understanding of the NO system resulted from studies of this highly regulated enzyme [61, 67, 68] . It has been demonstrated that nNOS is also an inducible enzyme, and potential up-regulating factors include autocrine cytokines/growth factors, interaction with cell surface reports, lesion of nerves, and abnormal mechanical forces [60, 67, 68] . Recent studies have demonstrated that nNOS expression in the spinal cord is enhanced by formalin stimulation of the hind paw, which suggest that nNOS up-regulation is induced by noxious somatic stimulation [69] . Our findings would be consistent with these somatic stimulatory factors for induction of nNOS, but we cannot exclude indirect influences by elevation of arterial blood pressure via effects on peripheral afferent mechanisms, on other central nuclei projecting to the gracile nucleus, or on other reflex pathways. A more sophisticated approach would be required to address this issue. Despite these limitations, our nNOS immunoreactivity and NADPHd reactivity results consistently suggest an up-regulation in the gracile nucleus and mNTS induced by stimulation of the sural nerve and/or the stimulus-elevated SSR.
NO Mediated Cardiovascular Regulation in the Dorsal Medulla
The NTS is the principal sensory nucleus for the central regulation of cardiovascular function through the NTS-RVM-intermediolateral central sympathetic pathways [2, 44] . Several groups of the studies have demonstrated that NO is active in the NTS, and mediates tonic inhibition of renal sympathetic nerve activity and arterial pressure [51] [52] [53] [54] . The inhibitory cardiovascular effects of NO in the brainstem is baroreflex-independent [52, 53] . Recent studies have demonstrated that sensory stimulation of the hindlimb somatic afferent modifies neuronal activities in the NTS [29] . It has been reported that NO plays an inhibitory role in the central regulation of somatocardiac sympathetic C-reflex in the brainstem [57] .
L-arginine-derived NO can affect the spontaneous discharge of neurons in the NTS and NO serves as an intracellular mediator or messenger for central autonomic control of the cardiovascular systems [54] [55] [56] . Our recent studies have demonstrated that the stimulus-evoked excitatory cardiovascular actions are inhibited by L-arginine and enhanced by an NO synthesis inhibitor microinjected into the gracile nucleus [25] . The results show that the excitatory cardiovascular responses to SSR are inhibited by nNOS-NO in the gracile nucleus and/or mNTS. The present results show that the excitatory SSR-evoked by stimulation of afferent somatic sensory nerve is associated with transganglionic or transsynaptic increases in nNOS expression in the gracile nucleus and mNTS. Since L-arginine-derived NO synthesis in the gracile nucleus attenuates the excitatory SSR-evoked increases in arterial blood pressure, it is possible that sural nerve stimulation-induced up-regulation of nNOS/NO in the neurons is a counter regulation of the excitatory SSR. Thus, the excitatory SSR associated with an up-regulation of nNOS-NO in the gracile nucleus and mNTS prevents over-elevation of arterial blood pressure and heart rate, which play a protective role in the central regulation of cardiovascular reflexes. Our findings might have significance for NO-mediated autonomic control and neurocardiovascular protection through the excitatory SSR neural pathways.
CONCLUSION
It is well known that nociceptive stimulation of afferent somatic sensory nerve elicits SSR. Activation of afferent somatic cutaneous or mixed nerves, such as the sural or the sciatic, results in increases in sympathetic activity and arterial blood pressure by excitatory SSR. A number of recent studies have suggested that gracile nucleus is an integration center for cutaneous and visceral information flowing into the thalamus which plays an important role in somatic and visceral pain processing. The NTS is the principal sensory nucleus for the central regulation of cardiovascular function through the NTS-RVM-intermediolateral central sympathetic pathways. Recent studies have demonstrated that sensory stimulation of the hindlimb somatic afferent modifies neuronal activities in the NTS.
Several groups of studies have shown that NO in the brainstem mediates tonic inhibition of renal sympathetic nerve activity and arterial blood pressure. NO in the NTS plays an important role in the central inhibition of sympathetic tone and thus decreases arterial blood pressure. Our recent studies show that L-arginine-derived NO in the gracile nucleus attenuates the pressor responses to SSR evoked by electrical stimulation of the sural nerve. The present studies show that unilateral electrical stimulation of sural nerve in rats induces a marked up-regulation of nNOS/NADPHd expression in the psilateral gracile nucleus. nNOS expression and NADPHd reactivity were also increased by sural nerve stimulation in both ipsilateral and contralateral sides of mNTS. Transganglionic and/or transsynaptic up-regulation of nNOS/ NADPHd in the gracile nucleus and mNTS is associated with an inhibition of increased arterial blood pressure and heart rate induced by the stimulation. The results suggest that sural nerve stimulation evoked excitatory SSR induces an up-regulation of nNOS expression in the gracile nucleus and mNTS, which may attenuate the pressor responses and play a counter regulation on central autonomic control of the circulation.
